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Abstract
Aims/hypothesis The aim of this study was to investigate the
association between maternal diabetes in pregnancy and
offspring cognitive ability and also to assess whether the
association was due to intrauterine mechanisms or shared
familial characteristics.
Methods We linked national registers and conducted a prospec-
tive cohort study of singleton Swedish-born men to explore
associations between maternal pregnancy diabetes and educa-
tional achievement at age 16 years, the age of completing
compulsory education in Sweden (n =391,545 men from
337,174 families, graduating in 1988–1997 and n =326,033
men from 282,079 families, graduating in 1998–2009), and
intelligence quotient (IQ) at the mandatory conscription exam-
ination at 18 years of age (n =664,871 from 543,203 families).
Results Among non-siblings, maternal diabetes in pregnancy
was associated with lower offspring cognitive ability even
after adjustment for maternal age at birth, parity, education,
early-pregnancy BMI, offspring birth year, gestational age and
birthweight. For example, in non-siblings, the IQ of men
whose mothers had diabetes in their pregnancy was on aver-
age 1.36 points lower (95% CI −2.12, −0.60) than men whose
mothers did not have diabetes. In comparison, we found no
such association within sibships (mean difference 1.70; 95%
CI −1.80, 5.21).
Conclusions/interpretation The association between maternal
diabetes in pregnancy and offspring cognitive outcomes is
likely explained by shared familial characteristics and not by
an intrauterine mechanism.
Keywords Cognition . Diabetes . IQ . Pregnancy .
Sibling comparison . Swedish registers
Abbreviations
ALSPAC Avon Longitudinal Study of Parents and Children
IQ Intelligence quotient
Introduction
A number of studies comparing cognitive measures in off-
spring of mothers who had diabetes in pregnancy with off-
spring of mothers who did not, report lower scores on some
indices but not lower overall intelligence quotient (IQ) in
offspring exposed to maternal diabetes in western populations
[1–6]. The largest epidemiological study to date used popula-
tion registry data from Sweden (n∼1.3 million adolescents)
and found that maternal pregnancy diabetes was associated
with lower offspring educational achievement at age 16 years
[7]. A recent report based on data from the UK-based Avon
Longitudinal Study of Parents and Children (ALSPAC) found
that exposure to pre-existing maternal diabetes and gestational
diabetes were both associated with lower IQ measured in
childhood (age 8 years) and that existing diabetes was also
associated with lower educational achievement at 16 years [8].
Whereas the results of the earlier Swedish registry-based
study may be explained by residual confounding due to the
unavailability of data on potential confounders [7], the recent
ALSPAC analyses could adjust for a wide range of con-
founders but did so at the cost of limited statistical power [8].
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In contrast to these two studies from Western populations,
where diabetes in pregnancy is relatively uncommon (0.5% [7]),
a recent study from India which reported a 7% prevalence of
gestational diabetes [9], suggested that gestational diabetes
was associated with higher cognitive achievement scores in
offspring at a mean age of 9.7 years [10].
Several mechanisms could explain the association between
exposure to diabetes in utero and poorer cognitive outcomes (see
Fig. 1). Maternal diabetes is associated with neonatal compli-
cations which may in turn adversely affect neurocognitive and
psychomotor development [11, 12]. Maternal diabetes in
pregnancy could also affect fetal neurodevelopment via in
utero exposure to a metabolic milieu with high or fluctuating
concentrations of glucose and, potentially, ketonaemia [13]. In
women with pregnancy diabetes, better glucose control has
been associated with higher offspring cognitive function [5, 12].
If thesemechanismswere true, this would be additional evidence
supporting the need to identify and control glucose intolerance
in pregnancy and for interventions to reduce BMI in women
of reproductive age, as pre-pregnancy BMI is positively asso-
ciated with the risk of gestational diabetes [14].
Alternatively, pleiotropic effects of genes shared by
mother and offspring and related to both risk of diabetes
and IQ could result in an association between pregnancy
diabetes and offspring cognitive ability. Finally, shared
familial environmental exposures, such as socioeconomic
position, educational attainment, level of physical activity and
nutrition, may be driving the association.
Sibling studies are a form of natural experiment and a
powerful design in terms of dealing with unmeasured or
poorly measured confounders that are identical or similar in
siblings, such as early-life familial characteristics and genetics
[15]. If siblings exposed in utero to pregnancy diabetes had
poorer cognitive outcomes than their diabetes-unexposed
siblings, this would support a causal relationship (either a
direct effect due to intrauterine exposure or via perinatal
complications, see Fig. 1), since such an association could
not be explained by familial socioeconomic position or
maternal genotype, which are the same for siblings. In this
study, we conducted a sibling study of the association
between maternal pregnancy diabetes and offspring cognitive
outcomes to identify potential pathways.
Methods
Study subjects We used data from the Swedish national con-
scription examination for offspring IQ. During the years cov-
ered by this study it was legally required that all Swedish
young men attended the military service conscription exami-
nation; only those with a severe handicap or chronic disease
(<5% of the male population) were exempt from the exami-
nation [16]. Hence, we included all men born in Sweden
between 1973 and 1992, who were still alive and completed
their compulsory school education at 16 years of age (between
1988 and 2009) or their conscription medical examination at
age 18 years (between 1990 and 2010).
Data on the index participant’s birth date, together with
maternal age at birth and the sex and age of full siblings, were
extracted from theMulti-Generation Register. We linked these
data with the Medical Birth [17, 18], the Inpatient, Military
Service Conscription and the Grade 9 School Marks Registers,
and the Population and Housing Census of 1990. The Regional
Ethics Committee at Karolinska Institutet, Stockholm approved
these linkages.
We excluded anyone born outside of Sweden, multiple
births and anyone with missing data on any of the variables
used in this study. Figure 2 shows the derivation of the eligible
and final analyses cohorts.
Outcomes Two outcomes were examined: (1) educational
achievement at age 16 years, which is the average age of
completing the compulsory 9 year education in Sweden and
(2) IQ at the conscription examination at 18 years of age.
From 1988 to 1997 school marks in Sweden were numerical
and normally distributed on a five-level scale for each subject.
The Grade 9 School Mark Registers provides the average
mark of all subjects for each student who completed compul-
sory education in 1988–1997. From 1998, the marking system
changed andmarks for each student were given on a four-level
categorical scale: fail, pass, pass with distinction and pass with
excellence. These were assigned values of 0, 10, 15 and 20 in
the Register. For each student, the highest 16 marks were
then summed to provide a scale ranging from 0 to 320
(where 320 represents the highest mark, 20, × 16) in the
Register. Because of this change in the marking system,
analyses were conducted separately for the two periods,
1988–1997 and 1998–2009.
IQ was measured at military conscription at a mean age of
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Fig. 1 Schematic representation of potential pathways linking maternal
diabetes in pregnancy and offspring cognition
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subtests which measured logical, spatial, verbal and technical
ability. During the study period two different IQ tests were
used to obtain a global IQ score, as described previously in
more detail [19]. Briefly, the first test was in use in 1969–1994
and the second test from 1994 onwards. The two tests were
similar and the global IQ score for both tests was standardised
annually against the entire tested population to follow a
Gaussian distribution with values between 1 and 9, with a
mean of 5 and an SD of 2, also known as a Stanine scale.
These categories, from 1 to 9, are equivalent to IQ bands of
less than 74, 74–81, 82–89, 90–95, 96–104, 105–110, 111–118,
119–126 and more than 126, respectively [20]. To analyse IQ
in interpretable units, we recorded the nine Stanine score
values to the midpoint of the IQ bands.
Exposure and other variables Data on maternal diabetes in
pregnancy, parity, height and weight at first antenatal clinic
assessment, and offspring birthweight were measured or
ascertained by midwives, obstetricians or physicians as part
of normal clinical practice. Information on these variables was
taken directly from the obstetric records and entered into the
Medical Birth Register. The Inpatient Register was also used
to identify women with diabetes in pregnancy using the fol-
lowing International Classification of Diseases codes: ICD-8,
250 and 761.1 (until 1986); ICD-9, 250, 648.0 and 648.8
(from 1987) (www.icd9data.com/2007/Volume1/240-279/
250-259/250/default.htm). Since data in the Medical Birth
Register does not distinguish between gestational or existing
diabetes, we used the term ‘maternal diabetes in pregnancy’
for this exposure. Maternal early pregnancy weight and height
was recorded from 1982, so for the cohort that completed
compulsory school education in 1988–1997 these data were
unavailable (and, hence, it was not possible to calculate BMI).
Maternal early pregnancy was coded as underweight
(BMI <18.5 kg/m2), normal (≥18.5 and <25 kg/m2), over-
weight (≥25 and <30 kg/m2), obese class I (≥30 and
<35 kg/m2) and obese classes 2 and 3 (≥35 kg/m2). The
latter classes were collapsed due to limited numbers.
Gestational age was assessed from the first day of the last
menstrual period for 83% of the cohort, with ultrasound
scan results being used alone or in combination with last
menstrual period in the remainder. Maternal education
(incomplete compulsory school; 9 years compulsory school;
upper secondary school; post secondary; postgraduate) was
obtained from the 1990 census.
Statistical analyses Each model involved fixed effect, be-
tween sibling and random effect regression models, generated
using the xtreg command in Stata 10 (Stata, Houston, Texas).
The fixed-effect regression analysis provides the within-
sibship association. This coefficient represents the association
of maternal pregnancy diabetes with offspring cognitive abil-
ity having controlled for fixed maternal characteristics (e.g.
socioeconomic background, lifestyle and genes). An inverse
association here supports an intrauterine effect by suggesting
that the sibling exposed to diabetes in utero (with all fixed
All men born between 1973 and 1992 who completed
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maternal characteristics controlled for) has worse educational
achievement and/or lower IQ than the sibling who was not
exposed to maternal diabetes in utero. The second regression
model obtains the between-non-siblings effect. This coeffi-
cient represents the association of maternal pregnancy diabe-
tes with offspring outcomes among non-siblings. The random
effects regression coefficients are then obtained as the weight-
ed average of the within-sibling and between-non-sibling
effects, each coefficient weighted by the inverse of its variance
[21, 22]. This coefficient represents the overall association
between the maternal pregnancy diabetes and offspring edu-
cational achievement and/or IQ (i.e. without control for fixed
maternal characteristics), taking family clustering into account
in the estimation of 95% CIs, and is presented for completion.
The effect estimates from the within-sibship and between-
non-sibling models were compared using a Hausman test in
which the null hypothesis assumes that there is no difference
between the two estimates.
In the basic model (model 1), we adjusted only for birth
year (of all siblings). We then adjusted also for potential
confounding by maternal age at birth, parity and education
(model 2). It should be noted that maternal education does not
contribute in the within-sibling analyses because it is the same
for both siblings. We repeated this model, restricting to the
subsample for which early-pregnancy BMI was available.
This was done to assess whether results for this subsample
were representative of the whole study population. In model 3,
we also adjusted for maternal early-pregnancy BMI, a key risk
factor for gestational diabetes also associated with offspring
cognitive ability [23] and, therefore, a possible confounder of
the examined association. In model 4, we explored possible
mediation of associations by gestational age and birthweight.
Maternal diabetes is associated with greater fetal and infant
adiposity (at birth) due to intrauterine mechanisms related to
fetal insulin secretion [24]. There is also evidence that
birthweight is inversely correlated with cognitive outcome
[25]. Therefore, we wanted to examine whether any associa-
tion of maternal pregnancy diabetes with offspring cognitive
outcome was explained by greater adiposity at birth that
persisted into adulthood. Before adjusting for maternal early-
pregnancy BMI, we ascertained that there was no evidence of
interaction between maternal early pregnancy and diabetes
in pregnancy in their associations with offspring BMI by
including interaction terms in the regression models (p >0.64
for all).
Results
Figure 2 shows the derivation of eligible and final analyses
cohorts. Data on maternal diabetes in pregnancy and either
educational achievement or IQ at conscription were available
for 723,775 men from 579,857 families. In male sibships
discordant for exposure to maternal pregnancy diabetes
(n =544), 46% (n =249) of first-, 50% (n =272) of second-,
48% (n =50) of third- and 20% (n =2) of fourth- and fifth-
order siblings were exposed to maternal pregnancy diabetes in
utero. In families with two sons, pregnancy diabetes rates
were similar in the first and second pregnancies (49 and
51%, respectively). The correlation between IQ assessed at
conscription at age 18 years and educational achievement at
age 16 was 0.64 for those who completed compulsory education
in 1988–1997 and 0.55 for those who graduated in 1998–2009
(p <0.001 for both). Table 1 compares characteristics of the
723,775 eligible men included in at least one of the analyses
with those excluded because of some missing data. There
were differences between included and excluded men; these
differences were generally small but many were statistically
significant at conventional levels of p <0.05 due to the large
sample size. Similarly, small differences were noted when we
compared the characteristics of men with and without data on
maternal early-pregnancy BMI (data not shown but available
on request).
Table 2 shows the within-sibship, between-non-sibling and
overall associations between maternal diabetes in pregnancy
and offspring educational achievement at 16 years of age.
Results were of similar magnitude for men who completed
their compulsory education in 1988–1997 and those who
graduated in 1998–2009. Overall, in the two cohorts as well
as between non-siblings, maternal pregnancy diabetes was
associated with lower educational achievement even when
controlling for clustering within families and potential con-
founding by birth year, maternal age at birth, parity, education
and maternal BMI in early pregnancy and mediation by ges-
tational age and birthweight (models 1–4). However, within
sibships we found no evidence of an association. For example,
among non-siblings who graduated in 1998–2009, maternal
pregnancy diabetes was associated with lower educational
achievement in confounder-adjusted analyses (β =−0.09;
95% CI −0.14, −0.04, model 3), while the difference was in
the other direction and the CI included the null value within
sibships (β =0.07; 95% CI −0.11, 0.25). We found strong
statistical evidence across models that within-sibship associa-
tions differed from between-siblings associations (p ≤0.06 for
all). Results of model 2 were virtually identical in the whole
study population and in the subsample for which maternal
early-pregnancy BMI data were available.
Table 3 shows the within-sibling, between non-sibling and
overall associations of maternal diabetes in pregnancy and
offspring IQ assessed at 18 years. Overall, with control for
clustering within families, offspring IQ was on average 1.59
lower (95% CI −2.09, −1.08) in those whose mothers had
diabetes in pregnancy compared with those who had not
(model 1). Adjusting for potential confounders resulted in a
slight attenuation (models 2 and 3), while inclusion of gesta-
tional age and birthweight slightly increased the effect size
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(model 4). Similar results were obtained from the between-
non-sibling analyses. However, in within-sibling analyses,
controlling for all shared characteristics, we found no strong
evidence of an inverse association between maternal pregnan-
cy diabetes and IQ in any of the models. In fact, effect
estimates were all positive, though CIs included the null value.
Results of model 2 for the whole population and for the
subsample for which maternal early-pregnancy BMI was
available were slightly different in size but not majorly so.
There was moderate statistical evidence that within-sibling
results differed from between-sibling results (p ≤0.09 for all).
Discussion
In this large family-based study of men born in Sweden, we
found that those exposed to diabetes in utero had a lower mean
educational achievement upon completion of compulsory ed-
ucation at 16 years of age and mean IQ assessed at approxi-
mately 18 years of age at the conscription examination in
standard multivariable analyses. The difference in IQ between
men born to women with pregnancy diabetes and those born
to women without pregnancy diabetes reported here (−1.52 IQ
points) is somewhat smaller than that found in a UK-based
Table 1 Characteristics of men
born in Sweden and included in at
least one analysis (n=723,775)
and those excluded from all
analyses due to missing data
Continuous variables are
expressed as mean (SD);
categorical variables are
expressed as n (%)
a n with measure and included in
analyses, 270,693
Characteristic Excluded (n with
missing data)
Excluded Included p value
Maternal characteristic
Diabetes in pregnancy 12,981
Yes 98 (0.8) 3,526 (0.5) <0.001
No 12,883 (99.2) 720,249 (99.5)
Early-pregnancy BMI categories* 4,725 <0.001
Underweight 516 (10.9) 22,341 (8.25)
Normal 3,506 (74.2) 210,926 (77.9)
Overweight 622 (13.2) 33,579 (12.4)
Obese 115 (2.4) 5,465 (2.0)
Mean early-pregnancy BMI, kg/m2a 4,725 21.9 (3.3) 22.0 (3.0) 0.09
Age at birth, years 12,981 27.3 (5.6) 27.3 (5.0) 0.60
Parity 12,981 <0.001
1 5,534 (42.6) 305,167 (42.2)
2 4,333 (33.4) 270,500 (37.4)
3 1,957 (15.1) 109,511 (15.1)
4 683 (5.3) 28,044 (3.9)
5 261 (2.0) 7,038 (1.0)
≥6 213 (1.6) 3,515 (0.5)
Highest education 5,159 <0.001
Not completed compulsory school 466 (9.0) 47,467 (6.6)
9 year compulsory school 987 (19.1) 115,414 (16.0)
Upper secondary school 2,493 (48.3) 360,060 (49.7)
Post secondary 1,205 (23.4) 199,252 (27.5)
Postgraduate 8 (0.2) 1,582 (0.2)
Offspring characteristic
Birthweight, kg 11,211 3.4 (0.6) 3.6 (0.5) <0.001
Gestational age, days 10,509 277.8 (15.1) 279.9 (12.3) <0.001
Age at conscription, years 12,981 17.9 (0.8) 17.8 (0.5) <0.001
Average mark at 16 years (1988–1997
graduates)
5,929 <0.001
Mark (1–5) 2.9 (0.8) 3.1 (0.7)
z score −0.270 (1.090) 0.002 (1.00)
Overall mark at 16 years (1998–2009
graduates)
5,342 <0.001
Mark (0–320) 188.0 (61.6) 200.3 (56.6)
z score −0.185 (1.096) 0.001 (0.999)
IQ at 18 years 10,735 95.2 (14.4) 97.6 (14.3) <0.001
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cohort (ALSPAC) in which IQ was assessed at age 8 years
(−4.85 for gestational diabetes and −2.24 for pre-existing
diabetes) [8]. In that study we also found that maternal diabetes
in pregnancy was associated with lower school achievements at
16 years in offspring.
While in the current study exposure to maternal diabetes in
utero was associated with lower educational achievement and
IQ in the overall cohort and between non-siblings, we found
no evidence of this within sibships. In fact, the direction of
association observed within sibships suggests that exposure to





Mean difference (95% CI)




Overall mean mark (birth year
adjusted z score)
Model 1 391,545 0.04 (−0.13, 0.20) −0.13 (−0.19, −0.08) 0.03 −0.12 (−0.17, −0.07)
Model 2 391,545 0.05 (−0.12, 0.21) −0.13 (−0.19, −0.08) 0.02 −0.12 (−0.17, −0.07)
Model 4c 391,545 0.06 (−0.11, 0.22) −0.15 (−0.20, −0.10) 0.009 −0.13 (−0.18, −0.08)
1998–2009 graduates
Sum of top 16 marks (birth year
adjusted z score)
Model 1 326,033 0.07 (−0.07, 0.20) −0.10 (−0.15, −0.06) 0.009 −0.09 (−0.14, −0.05)
Model 2 326,033 0.07 (−0.06, 0.21) −0.11 (−0.15, −0.07) 0.005 −0.09 (−0.13, −0.05)
Model 2d 268,829 0.07 (−0.11, 0.25) −0.12 (−0.17, −0.07) 0.03 −0.11 (−0.15, −0.06)
Model 3d 268,829 0.07 (−0.11, 0.25) −0.09 (−0.14, −0.04) 0.06 −0.09 (−0.13, −0.04)
Model 4d 268,829 0.07 (−0.11, 0.25) −0.11 (−0.16, −0.06) 0.04 −0.10 (−0.15, −0.05)
All results are mean differences; the null value is 0
Model 1, adjusted for year of birth; model 2, adjusted for birth year, maternal age at birth, parity and education; model 3, adjusted for birth year, maternal
age at birth, parity, education and BMI in early pregnancy; model 4, adjusted for birth year, maternal age at birth, parity, education, BMI in early
pregnancy, gestational age and birthweight
a Obtained from the Hausman test, testing the null hypothesis that the within-sibling and between-non-sibling associations are identical
b The overall association in the population without control for fixed maternal characteristics, taking family clustering into account in the estimation of
95% CIs
c Not adjusted for early pregnancy BMI as it was not recorded
d n reduced owing to missing data for early-pregnancy BMI




Mean difference in offspring IQ (95% CI) in men exposed to maternal pregnancy BMI compare to those unexposed
Within sibships Between non-siblings p value for
differencea
Overallb
Model 1 664,871 0.92 (−0.49, 2.33) −1.80 (−2.34, −1.26) <0.001 −1.59 (−2.09, −1.08)
Model 2 664,871 0.94 (−0.47, 2.34) −1.78 (−2.29, −1.27) <0.001 −1.52 (−2.00, −1.04)
Model 2c 231,374 1.81 (−1.70, 5.31) −1.41 (−2.17, −0.65) 0.07 −1.28 (−2.08, −0.53)
Model 3c 231,374 1.78 (−1.72, 5.29) −1.15 (−1.91, −0.38) 0.09 −1.04 (−1.79, −0.30)
Model 4c 231,374 1.70 (−1.80, 5.21) −1.36 (−2.12, −0.60) 0.08 −1.24 (−1.99, −0.50)
All results are mean differences; the null value is 0
Model 1, adjusted for birth year; model 2, adjusted for birth year, maternal age at birth, parity and education; model 3, adjusted for birth year, maternal
age at birth, parity, education and BMI in early pregnancy; model 4, adjusted for birth year, maternal age at birth, parity, education and BMI in early
pregnancy and gestational age and birthweight
a Obtained from the Hausman test, testing the null hypothesis that the within-sibling and between-non-sibling associations are identical
b The overall association in the population without control for fixed maternal characteristics, taking family clustering into account in the estimation of
95% CIs
c n reduced owing to missing data for early-pregnancy BMI
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maternal diabetes in pregnancy is associated with higher
educational achievement and IQ, though estimates were
imprecise with wide CIs (which included the null value)
due to the smaller sample size included in the fixed-effect
model (restricted to siblings).
The fixed-effect model, which estimates the association
within sibships, controls for characteristics that are fixed (i.e.
similar or identical in siblings), including maternal genotype,
family behaviour and early-life socioeconomic position. The
different results from the overall and between-non-siblings
analyses compared with within-sibling analyses suggested
that similarities shared by siblings and controlled for in the
sibling analysis, but not in the other models, are driving the
modest associations observed in the cohort as a whole and
between non-siblings. In other words, the findings of this
study and others suggest that a direct effect of exposure to a
diabetic milieu and/or perinatal complications resulting from
maternal diabetes are unlikely explanations for the observed
association between maternal diabetes in pregnancy and off-
spring cognitive outcome in the overall population.
An alternative mechanism (see Fig. 1) is that maternal
genetic variants associated with diabetes are also associated
with cognitive outcomes. These are then inherited by off-
spring and result in an association in non-siblings but not
within sibships. However, we are unaware of any evidence
supporting this proposed mechanism. On the contrary, in
ALSPAC there was no association between maternal genetic
risk score for greater fasting glucose concentrations and off-
spring IQ and a positive association between maternal genetic
risk score for type 2 diabetes and offspring IQ [26]. This is in
line with results here in the within-sibling analysis and those
reported byVeena et al [10] and should be investigated further.
The most likely explanation for our findings is that shared
familial socioeconomic position accounts for the association
between maternal pregnancy diabetes and offspring cognition
seen overall and between non-siblings as IQ and education are
socially patterned, as is diabetes [27, 28]. In our analysis we
adjusted for maternal education, which is an indicator of
socioeconomic position, but it is doubtful that it fully captures
socioeconomic position and residual confounding is likely.
The main strengths of the present study are its large sample
size and the use of a natural experimental approach in the form
of a sibling study to explore associations of interest. This
allowed us to determine whether associations are likely to be
explained by familial confounding (maternal genetics or
shared family behaviours) or by intrauterine effects. Potential
limitations of sibling control studies have been postulated
[29]; however, these have been based on simulations alone
and extreme conditions that we think are unlikely here. A
more likely limitation would be our inability to differentiate
between type 1, type 2 and gestational diabetes because this
information was not available from the SwedishMedical Birth
Register. However, the majority of pregnancy diabetes is
likely to be gestational diabetes—in the UK, 88% of pregnan-
cies complicated by diabetes involve gestational diabetes [30].
In general, diabetes of any form would have similar effects in
terms of exposing the fetus to higher levels of glucose; similar
associations between pre-existing diabetes and gestational
diabetes and offspring cardiometabolic outcomes have been
reported [31, 32]. However, women with a known diagnosis
before pregnancy may be better controlled than those who
develop gestational diabetes. Indeed, in a previous study we
found stronger inverse associations between gestational
diabetes and offspring IQ at 8 years of age than between
pre-existing diabetes and offspring IQ [8]. It is also pos-
sible that some unexposed siblings were in fact exposed to
either undiagnosed diabetes or to relatively high (but not-
diabetic) levels of maternal glucose, which would result in
an underestimate of the association within sibships. Another
limitation to this study is that only male offspring were
included and, therefore, results may not necessarily generalise
to female offspring.
In summary, our study suggests that the association
between maternal pregnancy diabetes and lower offspring
cognitive ability is likely to be driven by common shared
familial characteristics and not by an intrauterine mechanism.
Acknowledgements We thank M. Boman of the Karolinska Institutet
for his help with assembling the dataset.
Funding AF and DAL work in a unit that receives infrastructure
funding from the UK Medical Research Council and AF is funded by a
UKMedical Research Council fellowship (G0701594). Financial support
was also provided through grants from the Swedish Research Council
(grant numbers 80748301 and K2012-99X-22008-01-3), the Swedish Heart
Lung Foundation and the Strategic Research Program in Epidemiology at
Karolinska Institutet.
Duality of interest The authors declare that there is no duality of
interest associated with this manuscript.
Contribution statement AF and DAL conceived the study, AF
analysed the data and wrote the manuscript. All authors made important
contributions to the acquisition of data and revised the manuscript and
approved the final version. AF is the guarantor.
Open AccessThis article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
References
1. Ornoy A (2005) Growth and neurodevelopmental outcome of
children born to mothers with pregestational and gestational
diabetes. Pediatr Endocrinol Rev 3:104–113
2. Silverman BL, Rizzo TA, Cho NH, Metzger BE (1998) Long-term
effects of the intrauterine environment. The Northwestern University
Diabetes in Pregnancy Center. Diabetes Care 21(suppl 2):B142–
B149
108 Diabetologia (2014) 57:102–109
3. Temple RC, Hardiman M, Pellegrini M, Horrocks L,
Martinez-Cengotitabengoa MT (2011) Cognitive function in 6- to
12-year-old offspring of women with type 1 diabetes. Diabet Med
28:845–848
4. Ornoy A, Ratzon N, Greenbaum C, Peretz E, Soriano D, Dulitzky M
(1998) Neurobehaviour of school age children born to diabetic
mothers. Arch Dis Child Fetal Neonatal Ed 79:F94–F99
5. Nielsen GL, Dethlefsen C, Sorensen HT, Pedersen JF,
Molsted-Pedersen L (2007) Cognitive function and army rejection rate
in young adult male offspring of women with diabetes. Diabetes Care
30:2827–2831
6. Clausen TD, Mortensen EL, Schmidt L et al (2011) Cognitive func-
tion in adult offspring of women with type-1 diabetes. Diabet Med
28:838–844
7. Dahlquist G, Kallen B (2007) School marks for Swedish children
whose mothers had diabetes during pregnancy: a population-based
study. Diabetologia 50:1826–1831
8. Fraser A, Nelson SM, Macdonald-Wallis C, Lawlor DA (2012)
Associations of existing diabetes, gestational diabetes, and
glycosuria with offspring IQ and educational attainment: the Avon
Longitudinal Study of Parents and Children. Exp Diabetes Res
963735
9. Hunt KJ, Schuller KL (2007) The increasing prevalence of diabetes
in pregnancy. Obstet Gynecol Clin N Am 34:173–199
10. Veena SR, Krishnaveni GV, Srinivasan K et al (2010) Childhood
cognitive ability: relationship to gestational diabetes mellitus in India.
Diabetologia 53:2134–2138
11. Nelson CA, Wewerka S, Thomas KM, Tribby-Walbridge S,
deRegnier R, Georgieff M (2000) Neurocognitive sequelae of infants
of diabetic mothers. Behav Neurosci 114:950–956
12. Rizzo TA, Dooley SL,Metzger BE, ChoNH, Ogata ES, Silverman BL
(1995) Prenatal and perinatal influences on long-term psychomotor
development in offspring of diabetic mothers. Am J Obstet Gynecol
173:1753–1758
13. Gin H, Vambergue A, Vasseur C et al (2006) Blood ketone monitor-
ing: a comparison between gestational diabetes and non-diabetic
pregnant women. Diabetes Metab 32:592–597
14. Torloni MR, Betran AP, Horta BL et al (2009) Prepregnancy BMI
and the risk of gestational diabetes: a systematic review of the
literature with meta-analysis. Obes Rev 10:194–203
15. Rutter M (2007) Proceeding from observed correlation to causal
inference: the use of natural experiments. Perspect Psychol Sci 2:
377–395
16. Carlstedt B (2000) Cognitive abilities—aspects of structure,
process and measurement. PhD thesis, University of Gothenburg,
Gothenburg, Sweden
17. Cnattingius S, Ericson A, Gunnarskog J, Kallen B (1990) A quality
study of a medical birth registry. Scand J Soc Med 18:143–148
18. National Centre for Epidemiology (2003) The SwedishMedical Birth
Register: a summary of content and quality. National Centre for
Epidemiology, Stockholm
19. Wennerstad KM, Silventoinen K, Tynelius P, Bergman L, Kaprio J,
Rasmussen F (2010) Associations between IQ and cigarette smoking
among Swedish male twins. Soc Sci Med 70:575–581
20. David AS, Malmberg A, Brandt L, Allebeck P, Lewis G (1997)
IQ and risk for schizophrenia: a population-based cohort study.
Psychol Med 27:1311–1323
21. Mann V, de Stavola BL, Leon DA (2004) Separating within and
between effects in family studies: an application to the study of blood
pressure in children. Stat Med 23:2745–2756
22. Lawlor DA, Lichtenstein P, Långström N (2011) Association of
maternal diabetes mellitus in pregnancy with offspring adiposity into
early adulthood: sibling study in a prospective cohort of 280,866men
from 248,293 families. Circulation 123:258–265
23. Van Lieshout RJ, Taylor VH, Boyle MH (2011) Pre-pregnancy and
pregnancy obesity and neurodevelopmental outcomes in offspring: a
systematic review. Obes Rev 12:e548–e559
24. Jovanovic L, Pettitt DJ (2001) Gestational diabetes mellitus. JAMA
286:2516–2518
25. Eriksen W, Sundet JM, Tambs K (2010) Birth weight standardized to
gestational age and intelligence in young adulthood: a register-based
birth cohort study of male siblings. Am J Epidemiol 172:530–536
26. Bonilla C, Lawlor D, Ben-Shlomo Y et al (2012) Maternal and
offspring fasting glucose and type 2 diabetes-associated genetic
variants and cognitive function at age 8: a Mendelian randomization
study in the Avon longitudinal study of parents and children.
BMC Med Genet 13:90
27. Agardh E, Allebeck P, Hallqvist J, Moradi T, Sidorchuk A (2011)
Type 2 diabetes incidence and socio-economic position: a systematic
review and meta-analysis. Int J Epidemiol 40:804–818
28. Joseph KS, Liston RM, Dodds L, Dahlgren L, Allen AC (2007)
Socioeconomic status and perinatal outcomes in a setting with uni-
versal access to essential health care services. CMAJ 177:583–590
29. Frisell T, Oberg S, Kuja-Halkola R, Sjolander A (2012) Sibling
comparison designs: bias from non-shared confounders andmeasure-
ment error. Epidemiology 23:713–720
30. National Institute for Health and Clinical Excellence (2008) Diabetes
in pregnancy: management of diabetes and its complications from
preconception to the postnatal period. NICE Clinical Guideline 6.
NICE, London
31. Patel S, Fraser A, Davey SG et al (2012) Associations of gestational
diabetes, existing diabetes, and glycosuria with offspring obesity and
cardiometabolic outcomes. Diabetes Care 35:63–71
32. SilvermanBL,Metzger BE,ChoNH,LoebCA (1995) Impaired glucose
tolerance in adolescent offspring of diabetic mothers. Relationship to
fetal hyperinsulinism. Diabetes Care 18:611–617
Diabetologia (2014) 57:102–109 109
